Saccadic eye movements can be elicited by more than one type of sensory stimulus. This implies 23 substantial transformations of signals originating in different sense organs as they reach a common 24 motor output pathway. In this study, we compared the prevalence and magnitude of auditory-and 25 visually-evoked activity in a structure implicated in oculomotor processing, the primate frontal eye 26 fields (FEF). We recorded from 324 single neurons while 2 monkeys performed delayed saccades to 27 visual or auditory targets. We found that 64% of FEF neurons were active upon presentation of auditory 28 targets and 87% were active during auditory-guided saccades, compared to 75% and 84% for visual 29 targets and saccades. As saccade onset approached, the average level of population activity in the FEF 30 became indistinguishable on visual and auditory trials. FEF activity was better correlated with the 31 movement vector than with the target location for both modalities In summary, the large proportion of 32 auditory responsive neurons in the FEF, the similarity between visual and auditory activity levels at the 33 into commands that converge on a common motor pathway and produce very similar patterns of muscle 47 contractions. We seek to shed light on this signal transformation by comparing the properties of 48 auditory-and visual-evoked activity in the primate frontal eye fields (FEF) . 49
The FEF is important for saccade generation. Electrical stimulation of the FEF produces 50 saccades with a short latency (Robinson and Fuchs, 1969, Bruce et al., 1985) . FEF lesions, whether 51 reversible or permanent, cause deficits in saccade performance (Schiller et Auditory-evoked activity has been previously reported in the primate FEF (Mohler et al., 1973 , 57 Goldberg, 1985b, Schall, 1991) and adjacent regions (Vaadia et al., 1986) . Data from 58 candidate homologues of the FEF in other mammalian species have generally focused exclusively on 59 visually-guided eye movements Gafka, 1998, Weyand et al., 1999 ). However, many 60 studies in the cat have revealed multi-sensory contributions originating from structures in the temporal 61 lobe to signals in other oculomotor structures (e.g. Clemo, 1989, Alvarado et al., 2007, 62 Our data suggest a re-evaluation of the FEF as a multisensory area akin to the superior colliculus, 85 and more than just an eye field for visually-guided movements. The FEF seems capable of contributing 86 to a command to guide auditory-evoked eye movements. If the FEF's readout occurs during the period 87 of time when visual and auditory activity is most similar, little normalization of this command would be 88 necessary to ensure that the eye movement is similar regardless of whether it is evoked by a visual or 89 auditory stimulus. 90
91

MATERIALS AND METHODS 92
Subjects 93
All procedures conformed to the Guide for the Care and Use of Laboratory Animals (National 94
Institutes of Health) (2011) and were approved by the Institutional Animal Care and Use Committee of 95 Duke University. Two adult rhesus monkeys (Macaca mulatta) participated (monkey F, male, and 96 monkey N, female). Under general anesthesia and using sterile surgical procedures, we first implanted a 97 head post holder to restrain the head and a scleral search coil to track eye movements (Robinson, 1963, 98 Judge et al., 1980). After recovery under veterinary observation, we trained the monkeys in the 99 experimental task. In a second surgery, we implanted a recording cylinder (2 cm diameter) over the left 100 or right FEF respectively. We determined the location of the cylinder with stereotactic coordinates (24-101 26 mm anterior with respect to the interaural axis and 15-16 mm lateral with respect to the midline) and 102 verified it with MRI scans at the Duke Center for Advanced Magnetic Resonance Development (figure 103 1A) and with micro-stimulation during the recording sessions (Bruce et al., 1985) . 
Experimental Setup 114
The experiment took place in a dark (monkey F, male) or dimly illuminated (monkey N, female) 115 sound-attenuated room. Dim illumination prevented normal dark-induced nystagmus in monkey N 116 (Mulch and Lewitzki, 1977 ), but did not provide any useful visual cues. Indeed, performance was 117 comparable between the two subjects (see Results) and with previous studies in complete darkness 118 The monkeys sat in a primate chair, with their heads restrained, at a distance of 150 cm from a 120 board of stimuli. An array of nine speakers and nine LEDs (each attached to the center of a speaker) was 121 situated at 0° elevation on the horizontal meridian (range ±24°, increments 6°, Figure 1B ). These served 122 as target stimuli. The board also contained LEDs that were used as fixation lights. These were presented 123 at a variable elevation above or below the speaker array, at horizontal locations of -12°, 0°, 12° (Figure  124 1B). 125
The auditory stimuli were band-passed white noise bursts (500 Hz to 18 kHz, 55 dB sound 126 pressure level, rise time of 10ms, variable duration) played by Cambridge Soundwork MC50 speakers. 127
The visual stimuli were green light spots (0.55 minutes of arc, luminance of 26.4 cd/m2) produced by 128 light emitting diodes (LEDs). 129
Control of the behavioral paradigms and collection of eye position and neural data were 130 accomplished using the Beethoven program (Ryklin Software). 131
132
Behavioral Task 133
The training procedure is described in (Metzger et al., 2004) . 134
We used an overlap task to dissociate sensory-related activity from motor-related activity (Figure  135 1C). A trial started with the presentation of a fixation light. The monkey was required to initiate fixation 136 within 3000 ms and maintain it (within a squared window of ±3 degrees) until the fixation light was 137 extinguished. After 900 to 1200 ms from fixation onset, a target (visual or auditory) was presented in 138 one of nine possible positions ( Figure 1B) . The fixation light and the target both stayed on for an overlap 139 period of 600 to 900 ms, after which the fixation light was turned off and the monkey was required to 140 make a saccade to the target. Saccades performed within 500 ms and followed by a fixation period of 141 200 to 500 ms were considered correct with a tolerance of ±4 vertical and ±3° horizontal around the 142 target. We rewarded correct trials with few drops of juice or water and penalized incorrect trials with a 143 time out of 1 s. 144
145
Recordings 146
We recorded single cell extracellular activity with tungsten micro-electrodes (FHC, impedance 147 between 0.7 and 2.5 MOhm at 1 kHz). A grid system (Crist et al., 1988 ) and a stainless steel guide tube 148 supported and directed the electrode. We manually inserted the guide tube through the dura and then 149 advanced the electrode with a hydraulic pulse microdrive (Narishige MO-95), while the monkey 150 performed visual and auditory guided saccade task. We isolated single neurons on-line using a Plexon 151 system (Sort Client software, Plexon) and recorded the time of each action potential for offline analysis. 152
For each isolated neuron, we qualitatively selected one fixation elevation (range -12 to +14 deg relative 153 to horizontal) that allowed the best sampling of its response field (the horizontal positions of the fixation 154 lights and the locations of the targets were the same for all recordings, Figure 1B ). Data were collected 155 as long as the neuron was well isolated and the monkey performed the task (average 578 ± 185std 156 correct trials for each neuron). 157
On some sessions we confirmed recordings from within FEF by micro-stimulation. After 158 recordings, the same electrode was used to inject current in trains of bipolar pulses at 300 Hz 159 (rectangular pulses with 0.2ms duration, 0.1ms between pulses, negative pulse leading). The train 160 duration was 100ms. Sites where a current below or equal to 50 microampere elicited a contra-lateral 161 saccade were considered part of FEF (Robinson and Fuchs, 1969) . Adjacent sites were considered FEF 162 if they lay between two confirmed sites or if they had similar sensory and saccade activities during the 163 task. All neurons isolated within these sites were analyzed, including those that were not responsive 164 during either visual or auditory trials. 165
Eye position was sampled at 500 Hz. We did not monitor pinna movements, as these have 166 previously been found to be small and uncorrelated with eye movements (Groh et to the same target locations in the visual and auditory conditions. Compared to visual saccades, the 246 endpoints of auditory saccades were more variable, and there were sometimes systematic displacements 247 relative to the target (e.g. the red, auditory, points in panel 2B are slightly above and to the left of the 248 blue, visual points.). As shown in the velocity panels ( Figure 2F-J) , the peak speeds of auditory-guided 249 saccades were lower than those of corresponding visually-guided saccades, except for smaller saccades 250 ( Figure 2F and 2G). Auditory saccade trajectories could also be curved, e.g. Figure 2C and D, an 251 observation previously noted (Frens and Van Opstal, 1995 ) but which will not be considered further in 252 this study. 253 These trends were confirmed over all saccades recorded in this study in Figure 2K -M. In the 254 horizontal dimension, the average endpoints of auditory-guided saccades were nearly as closely 255 correlated with target location as were visually-guided saccades: the red and blue lines are both close to 256 the line of slope one ( Figure 2K , average error 1.2 degrees for visual and 3.9 degrees for auditory trials, 257 t-test p<0.001), with the auditory saccades also showing greater scatter (standard deviation 3.6 degrees 258 for visual and 6.8 degrees for auditory, F-test p<0.001). The vertical error for visual and auditory 259 saccades to the same target location were smaller and showed less scatter ( Figure 2L , mean vertical error 260 +/-standard deviation on visual vs. auditory trials: 0.1±1.6º vs. 0.4±2.5º, t-test: pvalue < 0.001; F-test, 261 pvalue <0.001). The auditory vertical accuracy is better than previously reported (Jay and Sparks 1990) 262 probably due to the predictable nature of our targets -the vertical location did not vary. Peak speed co-263 varied with amplitude, a signature characteristic distinguishing saccades from other types of eye 264 movements (Bahill et al., 1975) . However, for a given saccade amplitude, peak speed was on average 265 lower if the target was auditory than if it was visual ( Figure 2M ). The average peak velocity on auditory 266 trials was 76% of the velocity on visual trials. There was no noticeable difference in saccade reaction 267 time on visual and auditory trials, but it should be noted that this was not a reaction-time task: the 268 overlap paradigm imposed a delay between the stimulus onset and the cue to make the eye movement. Figure 6 ). However, they did not always respond identically on visual and auditory trials, 299 despite the similarity of eye movement responses. 300
Three example neurons showing activity in response to the onset of the target and/or in 301 conjunction with the saccade are illustrated in Figures 3, 4 , and 5. These neurons illustrate the range of 302 visual vs. auditory and sensory vs. motor activity in our data set. The neuron in Figure 3 responded 303 robustly to either visual or auditory targets and the activity remained elevated as long as the stimulus 304 persisted, decaying at the time a saccade was made toward the target. The neuron in figure 4 responded 305 to either visual or auditory stimuli shortly after target onset, and exhibited a second slight increase in 306 activity in conjunction with the visually guided eye movement, whereas the neurons in Figure 5 had 307 stronger motor-related activity. Despite exhibiting a motor-related burst on auditory trials, this latter 308 neuron responded very weakly ( Figure 5 ) to the onset of sound targets, although it responded more 309 vigorously on visual trials. 310
In total, about half of the neurons in our sample exhibited sensory responses to both visual and 311 auditory targets (green regions of pie chart, Figure 6A , two-tailed t-test comparing the activity to 312 baseline, p<0.05; see also Table 1 and Methods). About three quarters exhibited activity for both target 313 modalities during the motor period ( Figure 6B ). After bimodal responsiveness, visual-only 314 responsiveness was the next most common category for the sensory period (23% visual-only and 12 % 315 auditory-only, Fig. 6A blue and red) . In contrast, in the motor period (perisaccade period see Methods), 316 the percentages of uni-modal visual or auditory cells were comparable (11% auditory-only and 8% 317 visual-only, Figure 6B ). Non-responsiveness to any modality was the least common category (Figure  318 6A,B, gray). Results were largely similar when an ANOVA was used to test for spatial selectivity, but 319 with overall lower proportions (roughly one third of cells failed to show a significant dependence on 320 target location by this categorical measure Figure 6C,D) . This may indicate that some receptive fields 321 were sub-optimally sampled in this study. Figure 6E to the onset of auditory targets than visual targets. The average response onset latency (measured as the 373 time the activity becomes higher than the mean ± 3 standard deviation of the average baseline 374 population activity before target onset, using 5 ms bins, see Methods) was 55ms for visual trials and 375 20ms for auditory trials, comparable to values estimated in a EEG study in humans (Kirchner et al., 376 2009). The response to auditory targets was also much weaker than that to visual targets (Figure 7 A,C) . 377
and/or auditory targets was statistically assessed using a two-tailed t-test comparing the activity in the 354
sensory (A) and motor (B) periods to baseline (p<0.05). Spatial selectivity was assessed with an 355 analysis of variance (ANOVA) for the sensory (C) and motor (D) periods. Details of these tests are also
However, beginning about 100-200 ms before the saccade, the aggregate activity was indistinguishable 378 on visual vs. auditory trials. This was true both when considering the raw activity (Figure 7 A, B) and 379 when each contributing cell's activity was normalized relative to its peak response (Figure 7 C, D; see  380 Methods). The timing was consistent with the latency of movements triggered by electrical stimulation 381 of the FEF, which was on the order of 70 ± 34 (mean ± std) for low current stimulation in our data set 382 (N=175 sites after recordings; see Methods). The aggregate similarity of visual and auditory activity at 383 the time of the saccade held true across the range of target locations tested (Figure 7 E,F) . The slight 384 compression of auditory activity relative to visual activity (higher for ipsilateral targets, lower for 385 contralateral ones) might contribute to similar compression of auditory saccade accuracy relative to 386 visual saccade accuracy (slight tendency for auditory saccades to undershoot; see figure 2K ). 387 ; blue bars higher than red/orange bars), suggesting 428 that sources of greater variability in activity on auditory trials occur both prior to and after (or in parallel 429 with) the FEF. However, the fit improved from the sensory to the motor times for auditory trials but not 430 for visual trials (significant interaction between time and modality, pval = 7*10 do exhibit auditory-evoked activity nevertheless respond less strongly to a sound than to a visual 459 stimulus. These differences are reduced or eliminated as the saccade approaches: the level of activity, 460 and the proportion of active neurons, becomes substantially more similar across the delay intervening 461 between target onset and saccade. Previous studies that did not involve an auditory guided-saccade 462 would likely have only observed these lower levels of auditory activity seen during the sensory period 463 (Mohler et al., 1973 , Bruce and Goldberg, 1985b , Schall, 1991 ; during the motor period our results 464 more closely match those of (Russo and Bruce, 1994) , who also employed a task involving auditory-465 guided saccades (although they used a reaction time paradigm that did not expressly separate sensory-466 and motor-related activity). 467
The aggregate amount of auditory-evoked activity is quantitatively similar to visually-evoked 468 activity for the last 100-200 ms prior to the saccade (Figure 7 There remain numerous other aspects of the visual and auditory codes in the FEF to be explored. 497
For example, the auditory representation of space in the SC reflects a hybrid of head-and eye-centered 498 coordinates during the sensory period, but evolves to be fully eye-centered by the time of the movement 499 (Jay and Sparks, 1984 , 1987a , b, Populin et al., 2004 , Lee and Groh, 2012 . Does the FEF's frame of 500 reference show a similar evolution? Our preliminary results suggest that the FEF's representation is 501 more consistently hybrid than that of the SC (Lee and Groh, 2012), a subject we will return to in a future 502 paper. 503
Likewise, the nature of the receptive fields on auditory trials, and whether they are circumscribed 504 like visual receptive fields or monotonically open-ended as in other auditory areas (Groh et al., 2003, 505 Porter and Groh, 2006, Werner-Reiss and Groh, 2008) (for review, see Groh, 2014) , is an important 506 aspect of the computations that unfold between sensory input and motor output. In the primate SC, 507 auditory saccades evoke activity patterns that form a meter or rate code for sound location and saccade 508 vector, whereas visual saccades evoked activity patterns that form a map of visual stimulus location and 509 saccade vector (Lee and Groh, 2014) . This aspect of the code for auditory space in FEF has yet to be 510 explored. 511
In total, the FEF appears to act as an important partner with the SC in generating motor 512 commands to stimuli regardless of their original modality. Differences between the activity patterns 513 evoked on visual vs. auditory trials, or in the FEF vs. the SC, will be informative regarding how the 514 brain generates movements guided by multiple types of inputs. 515
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